Near-field ultrasonic phased array theory is researched and utilized in the carbon-fiber wing box to identify the damage in the structure. Near-field ultrasonic phased array based structural health monitoring is researched to overcome the limitation of the far-field ultrasonic phased array in monitoring scope. The time delay of the theory and the process of the damage identification method are researched in detail. The recognition result is shown in a mapped image. The proposed method is applied in carbon fiber-reinforced polymer (CFRP) wing box to monitor the load in the structure. The experimental results show that the near-field ultrasonic phased array based structural health monitoring method is effective to identify the load position in the structure.
Introduction
Lamb wave can propagate a long distance in plate-like and shell-like structures [1, 2] . Hence, the structural health monitoring (SHM) [3] [4] [5] [6] [7] [8] [9] based on Lamb wave has emerged as a promising technique by using piezoelectric (PZT) actuators/receivers to generate/receive the signals for monitoring the structural damage. Ultrasonic phased array based structural health monitoring [10] [11] [12] [13] [14] [15] can control the Lamb wave beam steering to scan the structure in a certain direction to identify the damage in the structure by controlling the time delay of transmitting and receiving for each PZT element in the PZT sensor array. Previous researches on ultrasonic phased array were carried out under the condition of the monitoring target in the PZT sensor array far-field [16] [17] [18] [19] . In this condition, the monitoring method cannot exactly identify the damage of the structure in PZT sensor array nearfield area. For the far-field ultrasonic phased array structural health monitoring, the Lamb wave beams connecting the PZT sensors with the monitoring target are parallel each other. But in the near-field, the Lamb wave beams from PZT elements to monitoring target are not parallel with each other. They focus on the monitoring target. The formulas used in the far-field ultrasonic phased array based structural health monitoring become invalid in near-field ultrasonic phased array.
In this paper, the near-field ultrasonic phased array based structural health monitoring is researched. The time delay used in near-filed ultrasonic phased array and the damage identification process using near-field ultrasonic phased array theory are researched. The damage identification result is shown on a mapped image. The proposed method is verified by experiments on the wing box and the results show that it is effective to identify the damage position of structure.
Near-Field Ultrasonic Phased Array Theory
Near-field ultrasonic phased array principle is shown in Figure 1 . The PZT linear sensor array consists of PZT elements with each PZT element acting as a transmitter and receiver. The PZT elements in the array are equally spaced at the distance . The coordinate system origin is set to the most left point of the PZT sensor array and the 0 ∘ direction is consistent with the alignment of the PZT sensor array. The coordinate in cartesian coordinate system of th PZT element is ( , 0), = 0 ∼ − 1, where = ⋅ . The near-field ultrasonic phased array principle is applied to generate and receive Lamb waves. For a near-distance point ( , ), the rays connecting the point with the sensors are focused on the point . Coordinate system origin is acted as a reference point. For the th PZT element, the distance fromthe point to the sensor will be shortened by
The signal from the th PZT element will arrive at point quicker than the point to coordinate system origin by
where is the Lamb wave speed traveling in the structure. The total signal received at point will be
where 1 is the amplitude attenuation coefficient in signal emission process, represents excitation signal, and / is the time due to the travel distance between the coordinate system origin and the point . Here, wave-energy conservation is assumed.
If the PZT elements are not excited simultaneously, but with specific time delays Δ ( , ) for each PZT element, the total signal received at point will be
According to the principle of reciprocity, the receiving process is consistent with exciting process under the same conditions. The point ( , ) acts as a new wave source reflecting the signal to all the PZT elements. The signal arrives the th PZT element quicker by Δ ( , ). Its expression is
where 2 is the amplitude attenuation coefficient in signal reception process. represents the signal that the point received.
Hence, with specific time delays Δ ( , ) for the th PZT element, the signal that reached the PZT element will be
The total signals received from the beam-steering of will be
where = 1 ⋅ 2 is the amplitude attenuation coefficient. The signal amplitude increases 2 times in comparison with a single PZT element. The signal-to-noise ratio (SNR) is enhanced. The beam steering of Lamb wave is controlled well to the desired directions by near-field ultrasonic phased array theory.
Assume that damage exists at angle 0 and distance in the structure. The signals scan the structure in increasing angles and the PZT elements receive the largest reflection signal from the damage when = 0 .
By analyzing the signal in the damage direction, the distance of the damage can be calculated as
where is the time of arrival of the signal in the damage direction.
Near-Field Ultrasonic Phased Array Implementations
In time delay equation (2), there are five parameters. They are the distance , angle , PZT element number , PZT element spacing , and Lamb wave speed . The PZT element number is predefined. PZT element spacing is related to the arrangement of the PZT sensor array. Once the arrangement is fixed, the spacing is known. Lamb wave speed in carbonfiber box structure is determined by experiment. Both the distance and the angle are unknown. So the time delay of the near-field ultrasonic phased array theory is not only related to the angle , but also related to the distance . In the near-field ultrasonic phased array structural health monitoring implementation process, the distance and the angle in equation (2) monitoring range ∈ [0 cm, 16 cm], the step of the angle is 1 ∘ and the step of the distance is 1 mm. Every angle and distance are corresponding with a time delay. And every time delay is added to response signal to get delayed signals in different distances and in different angles. The signals at the same angle and the same distance are cumulated to get the synthetic signal in a special angle and distance. The angle where the signal of the max amplitude lies in is the polar angle of the damage, and the polar radius of the damage is calculated from the signal that damage lies in.
Experimental Research

Experimental
System. Experiment is conducted on a carbon fiber composite wing box to verify the theoretical results. The experimental system is shown in Figure 2 . Figure 2(a) is the photo of the experimental system that includes the carbon fiber composite wing box, loading device and CDLG-1 high-precision S-typed pull pressure sensor, and the experimental setup. The main material of wing box is carbon fiber-reinforced polymers (CFRP). Figure 2(b) is the schematic drawing of the wing box that gives a specific size of every part of the structure. The dimension of the structure is 1.8 m × 1 m × 2.84 mm. One side of the structure has strengthened T-shaped stringers. There are threaded holes in the structure. The structure consists of 22 layers and the layer thickness is 0. phased-array principle based load monitoring in structure.
The load is used in the experiment to simulate the damage in the structure. Figure 2(c) is the loading device and CDLG-1 high-precision S-typed pull pressure sensor. The experimental setup includes integrated scanning system, multichannel switch, terminal block, regulated power supply, and signal generator. The integrated scanning system includes industrial personal computer, data acquisition card, and charge amplifier. Its details are described in [20] . The regulated power supply can provide the power for S-type pull pressure sensor. The experimental specimen of using near-field phased-array method to monitor the load location in the structure is shown in Figures 2(d) and 2(e). Figure 2(d) is the photo of the structure that shows the layout of the PZT sensor array in the structure. Figure 2 (e) is the schematic drawing of Figure 2(d) . There are 11 PZT elements in PZT sensor array, that is, arranged in linear array with 1 cm spacing. The diameter of each PZT element is 8 mm and its thickness is 0.48 mm. The coordinate system origin is set to the most left point of the PZT sensor array and the 0 ∘ direction is consistent with the alignment of the PZT sensor array. The load location in the structure is (92 ∘ , 5.8 cm) and the payload is 35 Kg.
Experimental Verification and Analysis.
The excitation signal is narrowband modulation sine signal. Its waveform is shown in Figure 3 . The amplitude of the signal is 7 V. The central frequency is 50 KHz. The number of wave peak is 5.
The time of arrival of the excitation signal is 0.064 ms.
Because of the anisotropy of composite material, the Lamb wave speed travelling in the CFRP wing box in different directions is different. The wave speed in CFRP wing box structure gotten by the experiment is shown in Figure 4 . Each element in PZT sensor array can act as both transmitter and receiver because of its piezoelectric effect. The sensing signal is collected in round-robin pattern. In turns, one PZT sensor is the transmitter to generate the excitation signal and the others are receivers to collect the sensing signals. The next PZT sensor in the array becomes transmitter and the process is repeated. Thus, a total of × ( − 1) = 11 × 10 = 110 signals are collected in each direction. Data acquisition is carried out to get the sensing signals collected in structural health state and in structural damage state, respectively. The sensing signals collected in structure health state is named health signal and the sensing signals collected in structure damage state is named damage signal. The health signal acts as a reference signal and the damage signal is compared with the reference signal to get the damage scattered signal. The sensing signals and the damage scattered signal in the angle of 0 ∘ in which the sensor 0 is actuator and the sensor 1 is receiver are shown in Figure 5 . The damage scattered signals are caused by the damage in the structure. That is to say, the damage scattered signals can explain whether the structure is healthy or not. The energy of the signal caused by damage is weak and it is aliasing in other signals.
The of 0 ∘ used in the expression is 1235.3 m/s, which is gotten from Figure 4 . This time delay is added to the corresponding scattered signal ( Figure 5(c) ) to get the delayed signal, which is shown in Figure 6 . All the delayed signals at the same angle-distance are cumulated to get the synthetic signal. Figure 7 is the max amplitude of the synthetic signals at every angle-distance. The synthetic signal amplitude is compared with the max amplitude of all signals to get its relative amplitude. The angle where the signal of the max amplitude lies in is the polar angle of the damage and the polar radius of the damage is calculated from the signal that damage lies in. Figure 8 is the normalized synthetic signals in the angle [0 ∘ , 180 ∘ ] where the synthetic signal with max amplitude lies in. These signals are described on distance-direction two-dimensional plane in the gray form to get a mapped image. The horizontal axis and vertical axis of the mapped image represent the horizontal and vertical coordinates of the monitoring scope. The pixel value of each point in the mapped image is corresponding to the normalized amplitude of the signal point. The mapped image of damage identification is shown in Figure 9 . The monitoring scope is not a semicircle, because the experimental specimen is anisotropic CFRP. That is to say, in every direction of the structure, the signal collection points are equal, but the wave speed in different directions is different. Therefore, the monitoring distances in different angles are different. The max amplitude of the mapped image (Figure 9 ) is the damage location of the structure. The location of identification damage is (89 ∘ , 5.78 cm). The location of the actual damage is (92 ∘ , 5.8 cm). Their angle error is 3 ∘ and the distance error of two points between identification damage and actual damage is 0.3 cm. The angle error is the absolute difference between two angles. The 
where Δ is the angle error, Δ is the distance error, is the angle of identification damage location, 0 is the angle of actual damage location, the distance of identification damage location, and 0 is the distance of actual damage location.
Summary and Conclusions
The near-field ultrasonic phased array theory based structural health monitoring is researched to overcome the limitation of the far-field ultrasonic phased array theory in monitoring scope. This method controls the beam steering by controlling the time delay of the signals to focus on the structure and to detect the damage in the structure. The proposed method is verified by the experiment on CFRP wing box. The results show that the method is effective to identify the damage position of structure. In addition, the damage in the test structure was clearly presented by the mapped image.
